The epidemiology of enteropathogenic Escherichia coli (EPEC) and the significance of isolation of atypical EPEC (aEPEC) in childhood diarrhoea have not been well studied in an Indian context. A comparative study was undertaken to investigate virulence determinants, antibiotic susceptibility patterns and serogrouping of typical EPEC (tEPEC) versus aEPEC causing diarrhoea in children. A total of 400 prospective and 500 retrospective E. coli isolates were included. PCR was performed for eae, bfpA, efa, nleB, nleE, cdt, ehxA and paa genes. The Clinical and Laboratory Standards Institute's disc diffusion test was used to determine the antimicrobial susceptibility. Phenotypic screening of extended spectrum b-lactamases (ESBLs), AmpC and Klebsiella pneumoniae carbapenemase (KPC) production, and molecular detection of bla NDM-1 , bla VIM , bla CTX-M-15 , bla IMP and bla KPC were performed. aEPEC (57.6 %) were more common as compared with tEPEC (42.3 %). The occurrence of virulence genes was observed to be three times higher in aEPEC as compared with tEPEC, efa1 (14.7 % of aEPEC, 4 % of tEPEC) being the most common. Most of the isolates did not belong to the classical EPEC O-serogroups. The highest resistance was observed against amoxicillin (93.22 %) followed by quinolones (83 %), cephalosporins (37.28 %), cotrimoxazole (35.59 %) and carbapenems (30.5 %). Overall equal numbers of aEPEC (41.17 %) and tEPEC (40 %) were observed to be multidrug-resistant. Fifteen EPEC strains demonstrated presence of ESBLs, five produced AmpC and four each produced metallo-b-lactamases and KPC-type carbapenemases; eight, seven and one isolate(s) each were positive for bla VIM , bla CTX-M-15 and bla NDM-1 , respectively. Here, to the best of our knowledge, we report for the first time on carbapenem resistance and the presence of bla NDM-1 and bla CTX-M-15 in EPEC isolates from India.
INTRODUCTION
Diarrhoea is the second most common cause of mortality worldwide in children v5 years of age, causing nearly 1.5 million deaths per year (WHO/UNICEF, 2009). Diarrhoeagenic Escherichia coli, including enteropathogenic E. coli (EPEC) and enteroaggregative E. coli, are amongst major bacterial causes of diarrhoea in children worldwide (Ochoa et al., 2008; Ochoa & Contreras, 2011) . Of its six pathotypes, EPEC accounts for *5-10 % of paediatric diarrhoeal episodes in developing countries according to studies based on intimin gene detection (Ochoa et al., 2008) . However, the prevalence rates increase by 10-20 % if detection methods include HEp-2 adherence or serotyping (Ochoa et al., 2008) . EPEC is further classified as typical EPEC (tEPEC) and atypical EPEC(aEPEC) based on the presence or absence, respectively, of the EPEC adherence factor plasmid (pEAF) (Hernandes et al., 2009) . It produces a characteristic histopathological lesion in intestinal cells known as an attaching and effacing (A/E) lesion encoded by the eae (EPEC attaching and effacing) gene, present within the locus for enterocyte effacement (LEE) pathogenicity island. The additional pEAF plasmid present in tEPEC encodes the bundle-forming pili required for localized adherence to epithelial cells (Croxen et al., 2013) . tEPEC are responsible for infantile diarrhoea, whilst the role of aEPEC in causing diarrhoea is controversial as it has been isolated from healthy children as well (Ochoa et al., 2008; Ghosh & Ali, 2010) . Recent epidemiological studies of tEPEC and aEPEC have shown a higher prevalence of aEPEC in both developed and developing countries, in contrast to an earlier observation of predominance of aEPEC in industrialized nations (Croxen et al., 2013) . Studies from developing countries including India in children v5 years observed aEPEC contributing up to 78 % of all cases of EPEC diarrhoea (Wani et al., 2006; Ochoa et al., 2008) . However, the distribution of these agents varies with geographical regions, study population, age and diagnostic methods used (Ochoa et al., 2008) . The epidemiological significance and serogroup differentiation of aEPEC in diarrhoea have not been well studied in an Indian context. Therefore, the present study was planned to establish the epidemiological significance of aEPEC in childhood diarrhoea in North India, and to identify its virulence determinants and serogroup profile in comparison with tEPEC.
METHODS
Written informed consent was obtained from the parents of all patients. The study was approved by the Ethics Committee of the Postgraduate Institute of Medical Education and Research. The study comprised prospective and retrospective components. For the prospective case-control study over a period of 2 years (2012 and 2013) , 400 E. coli isolates from consecutive paediatric diarrhoeal cases v10 years presenting in outpatient or inpatient departments of an advanced paediatric centre at our Institute were included. Acute diarrhoea was defined as three or more watery or loose stools per day, whilst any episode continuing for w14 days was labelled as a case of persistent diarrhoea. A standardized questionnaire was completed to obtain appropriate clinical and demographic details. The control group included stool samples from 100 healthy Anganwadi (courtyard shelter)/school children collected during the same period. For the retrospective study, 500 E. coli strains isolated consecutively between 2009 and 2011 from cases of community-acquired acute diarrhoea and persistent diarrhoea (with no other pathogen detected) available in the culture collection of the enteric laboratory of our Institute were included. The control group included E. coli isolates from stool samples from 50 healthy school children that were also available in the culture collection.
Sample collection and processing. Up to three samples of fresh faecal or rectal swabs on alternate days were collected in a sterile container as early as possible after development of diarrhoea. Samples were transported to the laboratory in Cary Blair media and processed within 2 h of collection as per standard procedures (Isenberg, 2004) . From each sample negative for Salmonella and Shigella, culture one to three colonies of presumptive E. coli were confirmed biochemically and stored in trypticase soy broth containing 15 % glycerol at 270 uC.
Extraction of DNA from biochemically confirmed E. coli. A single colony of the biochemically confirmed E. coli isolate was emulsified in 50 ml deionized water and boiled for 5 min. The mixture was centrifuged at 10 000 g for 1 min, and supernatant containing DNA collected and stored at 4 uC until further use (Aranda et al., 2004) .
EPEC identification. aEPEC were identified as strains of E. coli that were positive for the eae gene, but negative for bfpA and Shiga toxins 1 and 2 (stx1 and stx2) genes by PCR as described previously (Brian et al., 1992; Gannon et al., 1993; Gunzburg et al., 1995) . For PCR, amplification of the eae and bfpA genes was performed in a total volume of 50 ml, containing 50 mM each dNTP, 0.5 mM each primer, 10| PCR buffer, 1.5 mM MgCl 2 , 1 U Taq polymerase, 0.025 % BSA and 2 ml bacterial DNA as template. Detection of stx1 and stx2 genes was carried out by multiplex PCR with similar concentrations except for dNTPs, which were increased to 100 mM each, and BSA was omitted. The reaction mixture was heated to 94 uC prior to amplification and held at 72 uC for 7 min before cooling to 4 uC. Primer sequences and cycling conditions were those described previously (Table 1 ). Amplicons were analysed by 2 % agarose gel electrophoresis and visualized by staining with ethidium bromide. E. coli O157 : H7 (positive for eae, stx1, stx2) and E. coli B171 (positive for bfpA) were used as positive controls.
Detection of virulence factors by PCR. E. coli strains confirmed as EPEC were further investigated for virulence genes. Only one isolate per child was included in the study. PCR for virulence genes, including efa, nleB, nleE, cdt, ehxA and paa, was performed separately in a 25 ml reaction mixture containing 2.5 ml 10|PCR buffer, 1 mM MgCl 2 , 1 mM each dNTP, 0.5 U Taq DNA polymerase, 5 ml DNA Table 1 . PCR for the detection of EPEC
Target
Nucleotide sequence (59R39) Annealing conditions Amplicon size (bp)
F-TGCCATTCTGGCAACTCGCGATGCA 64 8C 1 min 283 R-GGATCTTCTCCCCACTCTGACACC template and 1 ml primer 1 or 2 containing 10 ng primer ml 21 . Primer sequences and cycling conditions were as described previously (Rothbaum et al., 1983; Nicholls et al., 2000; Batisson et al., 2003; Morabito et al., 2003; Toma et al., 2004) (Table 2 ). Amplified products were analysed using 1.5 % agarose gel electrophoresis and visualized by staining with ethidium bromide.
Serotyping of EPEC. Serotyping of all the EPEC strains was confirmed at the National Salmonella and Escherichia Centre, Central Research Institute, Kasauli, India, using O-specific antisera.
Antimicrobial susceptibility testing. Antimicrobial susceptibility of all EPEC strains was determined for ampicillin (10 mg), trimethoprim/sulfamethoxazole (1.25/23.75 mg), norfloxacin (10 mg), nalidixic acid (30 mg), ciprofloxacin (5 mg), amikacin 30 (mg), gentamicin (10 mg), ceftriaxone (30 mg), cefepime, azithromycin (15 mg), furoxone, imipenem (10 mg), meropenem, ertapenem, piperacillin/ tazobactam and cefperazone/sulbactam as per standard guidelines (CLSI, 2011). E. coli ATCC 25922 strain was used as a quality control strain for antimicrobial susceptibility testing by the disc diffusion method.
Phenotypic and genotypic tests for extended spectrum blactamases (ESBLs), AmpC, metallo-b-lactamases (MBLs) and Klebsiella pneumoniae carbapenemase (KPC)-type carbapenemase. ESBL production was tested by the double-disc test as per standard guidelines using cefotaxime (30 mg) and ceftazidime discs (30 mg) with and without clavulanate (10 mg) (CLSI, 2011). The cefoxitin-EDTA disc test and modified Hodge test were used for phenotypic screening of AmpC and KPC production, respectively (Black et al., 2005) . MBL production was determined by detecting enhanced or phantom zones between the ertapenem and imipenem/ meropenem discs and the inhibitor disc (EDTA) (Lee et al., 2003) . PCR for molecular detection of antibiotic resistance genes was performed separately using bla NDM-1 , bla VIM , bla CTX-M-15 , bla IMP and bla KPC primers as described previously (Ellington et al., 2007; Poirel et al., 2011; Iroha et al., 2012) (Table 3) .
RESULTS
In total, 59 E. coli isolates (6.55 %) out of a total of 900 isolates from cases of childhood diarrhoea (500 retrospective and 400 prospective) were characterized as EPEC (eaepositive). All 59 isolates were stx1-and stx2-negative, thereby ruling out Shiga toxigenic E. coli which can also carry the eae gene. Of these 59 EPEC isolates, 21 were obtained from prospective cases (5.25 %) and 38 from retrospective cases (7.6 %). These isolates were further characterized as tEPEC (bfp-positive, n525) and aEPEC (bfpnegative, n534). None of the 150 control samples yielded EPEC isolates. Maximum numbers of EPEC (n527) were isolated from children v2 years of age followed by the 2-5 years (n520) and 6-14 years (n512) age groups. The male/female ratio in each of these age groups was 6.5 : 1, 4 : 1 and 3 : 1, respectively. aEPEC isolates were observed to be predominant in all these age groups (n517, 10 and 7, respectively) as compared with the tEPEC isolates (n511, 9 and 5, respectively). 
Detection of virulence genes
In total, 15 (25.42 %) EPEC isolates (13 aEPEC and two tEPEC) were positive for at least one virulence factor.
The most common virulence gene demonstrated in our isolates was efa1, occurring in 14.7 % of aEPEC and 4 % of tEPEC (P50.22). Amongst aEPEC isolates, five (14.70 %) were positive for efa1, four (11.76 %) for nleB, three (8.82 %) for nleE and one (2.94 %) for ehx. One aEPEC (N3) was positive for three virulence factors, i.e. nleE, efa1 and ehx, whilst another isolate (N4) was positive for two virulence factors, i.e. nleB and efa1. Amongst tEPEC isolates positive for virulence genes, one was positive for nleE, and another was positive for both nleE and efa1 (Table 4) .
Serotyping
The most common O-serotype observed in our study was O2 (7/59), followed by O1 (5/59), O26 (4/59) and O24 (3/59). Other serogroups obtained were one each for O148, O125, O124, O58, O53, O42 and O21. A total of seven strains were untypable (Table 4) .
Antibiotic susceptibility profile
All strains were observed to be resistant to at least one of the antibiotics tested. Twenty-four EPEC strains were found to be multidrug-resistant (MDR) (resistant to three or more antibiotics), out of which 14 were aEPEC and 10 were tEPEC. All EPEC isolates showed 100 % susceptibility to imipenem. The highest resistance was observed against amoxicillin (93.22 %) followed by quinolones (83 %), cephalosporins (37.28 %), cotrimoxazole (35.59 %) and carbapenems (30.5 %). aEPEC isolates showed higher antibiotic resistance to chloramphenicol, nalidixic acid, norfloxacin, furoxone, ceftriaxone and azithromycin as compared with tEPEC, although the difference was not statistically significant (Table 5) .
Phenotypic and genotypic screening of b-lactamases
A total of 15 EPEC strains demonstrated the presence of ESBLs (eight tEPEC and seven aEPEC), five produced AmpC (two tEPEC and three aEPEC), and four each produced MBLs and KPC-type carbapenemases (two each of tEPEC and aEPEC). ESBLs and MBLs were co-produced by four EPEC strains (two each of aEPEC and tEPEC). ESBLs and AmpC were co-produced by two strains (one each of tEPEC and aEPEC strain). One tEPEC co-produced MBLs and KPC-type carbapenemases. Genotypic resistance determined by PCR demonstrated the presence of bla VIM in eight EPEC strains (four each of tEPEC and aEPEC) and bla CTX-M-15 in seven strains (five tEPEC and two aEPEC), whilst only one aEPEC strain was positive for bla NDM-1 . None of the strains was positive for bla IMP or bla KPC .
DISCUSSION
The results of our study indicate that EPEC is not an uncommon agent causing diarrhoea in children. The overall prevalence of EPEC (6.5 %) noted in our study is consistent with other studies from Mangalore (10.4 %) and Kashmir (7.05 %) in India. We found a higher frequency of aEPEC (57.6 %) as compared with tEPEC (42.3 %) (Wani et al., 2006; Shetty et al., 2012) . The overall prevalence of EPEC (6.5 %) noted in our study is consistent with other studies from Mangalore (10.4 %) and Kashmir (7.05 %) in India. Studies from Chile (74.1 %), and Thailand (71.8 %) also reported a higher prevalence of aEPEC as compared with tEPEC in children (Levine et al., 1993; Ratchtrachenchai et al., 2004) . In a study from Vietnam, all 39 cases of diarrhoea in children v5 years showed the presence of aEPEC (Nguyen et al., 2005) . In our study, the highest isolation of EPEC (45.72 %) was noted in children v2 years, with 70 % of the isolates being aEPEC. The most common EPEC O-serogroup in our study was O2 (n56). Overall, only six isolates (four strains of O26, and one each of O125 and O142) agglutinated with traditional EPEC-specific antisera. So far, w200 O-serogroups of aEPEC have been identified, the most common being O26, O55, O86, O111, O119, O125 and O128. The frequently observed serogroups of tEPEC include O55, O86, O11, 0114, O119, O127 and O142 (Giammanco et al., 1996; Scotland et al., 1996; Rosa et al., 1998; Trabulsi et al., 2002; Black et al., 2005) . Interestingly, in our study, most of the isolates did not belong to the classical EPEC O-serogroups and were thus designated 'untypable'. Thus, serogrouping solely cannot be used to classify aEPEC and tEPEC.
The pathogenic potential of aEPEC has long been controversial due to reports of aEPEC as a colonizer in healthy children and a higher frequency in them as compared with children having diarrhoea (Ghosh & Ali, 2010) . However, with the availability of genome sequencing, aEPEC strains harbouring the LEE that secrete and inject effector proteins into target cells have been demonstrated (Hernandes et al., 2009) . Currently, epidemiology clearly indicates that aEPEC strains are a quite frequent cause of diarrhoea in children (Afset et al., 2006) . To establish the pathogenic potential, virulence gene profiling is essential.
In the present study, the occurrence of virulence genes was observed to be three times higher in aEPEC as compared with tEPEC. Afset et al. (2006) evaluated 182 virulence genes amongst aEPEC strains from Norwegian children and found 12 genes were significantly associated with diarrhoea, with efa1 showing the highest association with the disease. The E. coli factor of adherence/lymphocyte inhibiting factor (efa1/lif) is an adhesin which inhibits lymphocyte activation. This gene lies outside the LEE, but within the pathogenicity island O122 (Nicholls et al., 2000) . The present study is the first from India where virulence gene profiling was carried out. The most common virulence gene demonstrated in our isolates was also efa1, which was found in 14.7 % of aEPEC and 4 % of tEPEC (P50.22). Afset et al. (2006) noted the occurrence of efa1/lifA in 29 % of aEPEC strains. In a study by Vieira et al. (2010) based on colony blot hybridization assays, efa1/lifA was shown to have higher prevalence amongst tEPEC strains than aEPEC strains (62.2 versus 30.0 %, respectively). The pathogenicity island O122 also harbours the genes nleB and nleE. In our study, nleB and nleE were noted in 6.7 % of the isolates. All four isolates positive for nleB were aEPEC, and nleE was found in three aEPEC strains and one tEPEC strain. Afset et al. (2006) found nleB and nleE in 40 % of aEPEC isolates in their study (Afset et al., 2006) . nleB has been shown to induce polymorphonuclear transepithelial migration and blockage of NFkB activation (Kelly et al., 2006; Zurawski et al., 2008) . None of our isolates was found to carry paa or cdt virulence genes. The porcine A/E-associated gene is frequently seen in porcine EPEC, causing post-weaning diarrhoea in swine (Batisson et al., 2003) . Afset et al. (2006) found a significantly higher occurrence of paa in aEPEC isolated from cases with diarrhoea as compared with strains isolated from healthy controls. The cdt gene encodes cytolethal distending toxin, first detected in 1987 in E. coli O128 from a child with gastroenteritis (Johnson & Lior, 1987) . This group of toxins is an emerging family of toxins and is produced by several pathogenic bacteria, such as Shigella, Campylobacter and Haemophilus ducreyi (Okuda et al., 1995; Cortes-Bratti et al., 1999) . Previous studies from Brazil and India have shown that the frequency of the cdt gene in EPEC is 2.8 and 6.4 %, respectively (Bouzari & Varghese, 1990; Guth et al., 1994) . In a study by Kim et al. (2009) , the pathogenic potential and role of cytolethal distending toxin in human disease was demonstrated in eight tEPEC and two aEPEC strains.
The majority of EPEC infections do not require antimicrobial therapy. However, antibiotics may play a significant role in some patients and provide better prognosis (Thorén et al., 1980) . Infants may carry EPEC strains harbouring resistance genes as a result of recombination of genes in their caregivers and household contacts (Lietzau et al., 2007) . In our study, overall equal numbers of aEPEC (41.17 %) and tEPEC (40 %) were MDR. Studies from Vietnam and Mexico have reported higher MDR rates of 86 and 67 %, respectively (Estrada-García et al., 2005; Nguyen et al., 2005) . The most prevalent antimicrobial resistance was observed against ampicillin, tetracycline, streptomycin and sulfonamides. Albert et al. (2009) , from Kuwait, evaluated 39 isolates, and found resistance to ampicillin (46 %), trimethoprim (43.2 %), tetracycline (40 %), chloramphenicol (8.1 %), cefotaxime (5.4 %) and ticarcillin (5.4 %). They did not find any resistance to ciprofloxacin and imipenem, and only one strain was an ESBL producer which was positive for bla CTX-M-28 and bla TEM . In contrast, 15 and 17 % of our isolates were resistant to ciprofloxacin and ceftriaxone, respectively, and 11.5 % produced bla CTX-M-15 . Our carbapenem resistance was 30.5 %, which is quite high. Ceftriaxone and imipenem resistance has been reported recently from Iran in 30.4 and 26.1 % of EPEC isolates, respectively (Nakhjavani et al., 2013) . Scant data are available from India on antibiotic resistance profiles. In a study by Tilak & Mudaliar (2012) , 30 EPEC isolates showed 100 % susceptibility to amikacin, 46.6 % to norfloxacin and 36.7 % to ciprofloxacin. Resistance was observed to cotrimoxazole (34.4 %), nalidixic acid (30 %) and ampicillin (30 %).
To the best of our knowledge, ours is the first study to report carbapenem resistance and bla NDM-1 in EPEC isolates from India. It is the only study from India where molecular characterization of antimicrobial resistance has been carried out and bla CTX-M-15 is reported. In view of the high resistance to third-generation cephalosporins and carbapenems, we need to continuously monitor any increase in the resistance rate that could affect treatment with these classes of antibiotics.
